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Visual neglect is a multi-component syndrome including prominent attentional disorders.
Research on the functional mechanisms of neglect is now moving from the description
of dissociations in patients’ performance to the identiﬁcation of the possible component
deﬁcits and of their interaction with compensatory strategies. In recent years, the
dissection of attentional deﬁcits in neglect has progressed in parallel with increasing
comprehension of the anatomy and function of large-scale brain networks implicated
in attentional processes. This review focuses on the anatomy and putative functions
of attentional circuits in the brain, mainly subserved by fronto-parietal networks, with
a peculiar although not yet completely elucidated role for the right hemisphere. Recent
results are discussed concerning the inﬂuence of a non-spatial attentional function, phasic
alertness, on conscious perception in normal participants and on conﬂict resolution in
neglect patients. The rapid rate of expansion of our knowledge of these systems raises
hopes for the development of effective strategies to improve the functioning of the
attentional networks in brain-damaged patients.
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TAXONOMIES OF ATTENTIONALPROCESSES
Biologicalorganisms liveinan environment cluttered with amul-
titude of objects. To behave in a coherent and goal-driven way,
organisms need to select stimuli appropriate to their goals. On
the other hand, because of capacity limitations, they must be
capable of ignoring other, less important objects. Thus, objects
in the world compete for recruiting the organism’s attention
in order to be the focus of the organism’s subsequent behav-
ior. Neural mechanisms of attention resolve this competition by
taking into account both the goals of the organisms and the
salience of the sensorial stimuli (Desimone and Duncan, 1995).
However, attention and its neural correlates cannot be subsumed
under a single concept. Attentional phenomena consist of a set
of distinct, though interacting, neurocognitive mechanisms. For
example, Parasuraman (1998) identiﬁed at least three indepen-
dent but interacting components of attention: (1) selection,t h a t
is, mechanisms determining more extensive processing of some
input rather than another; (2) vigilance, the capacity of sustain-
ing attention over time; (3) control, the ability of planning and
coordinating different activities. The concept of spatial selective
attention refers operationally to the advantage in speed and accu-
racy of processing for objects lying in attended regions of space
as compared to objects located in non-attended regions (Posner,
1980). In ecological settings, agents usually orient toward impor-
tant stimuli by turning their gaze, head and trunk toward them
(Sokolov, 1963). This is done in order to align the stimulus with
the part of the sensory surface with highest resolution (e.g., the
retinal fovea). This allows further perceptual processing of the
detected stimulus, for example its classiﬁcation as a useful or as
a dangerous object. Even very simple artiﬁcial organisms display
orienting behavior when their processing resources are insufﬁ-
cient to process the whole visual scene in parallel (Di Ferdinando
et al., 2007).
Spatial selective attention must allow an organism to suc-
cessfully cope with a continuously changing environment, while
maintaining its goals. This ﬂexibility calls for mechanisms that
(A) allow for the processing of novel, unexpected events, that
could be either advantageous or dangerous, in order to respond
appropriately with either approaching or avoidance behavior;
(B) allow for the maintenance of ﬁnalized behavior in spite of
distracting events (Allport, 1989). For example, attention can
be directed to an object in space either in a relatively reﬂexive
way (e.g., when a honking car attracts the attention of a pedes-
trian) or in a more controlled mode (e.g., when the pedestrian
monitors the trafﬁc light waiting for the “go” signal to appear).
It is thereby plausible that different attentional processes serve
these two partially conﬂicting goals. A traditional distinction in
experimental psychology refers to more exogenous processes for
orienting attention to novel events (Yantis, 1995), as opposed to
more endogenous orienting processes, which would be responsi-
ble for directing the organism’s attention toward relevant targets
despite the presence of distractors in the environment (Laberge
et al., 2000). A further important notion concerns the fact that
attention can not only be directed to a region of space, but
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also (and perhaps more importantly) to visual objects in space
(Egly et al., 1994; Valdes-Sosa et al., 1998). Exogenous attention
directed on an object part automatically spreads to the entire
object (Macquistan, 1997).
Posner and Petersen (1990) have further reﬁned the taxonomy
of attention by proposing to distinguish the orienting processes
of spatial attention from alerting and executive control. Executive
control requires both monitoring and conﬂict solving, such as in
ﬂanker paradigms, where participants have to respond to targets
while inhibiting the processing of adjacent ﬂankers (Eriksen and
Eriksen, 1974). Alerting mechanisms prepare the system for fast
reactions by means of a change in the internal state, sometimes at
the expense ofmotor control (Posner and Petersen, 1990; Callejas
et al., 2005). Two types of alerting have been described: tonic
alerting refers to a sustained activation over a period of several
minutes, whereas phasic alerting refers to a non-speciﬁc activa-
tion occurring when a warning signal is presented a few hundred
milliseconds prior to a target (Sturm and Willmes, 2001; Callejas
et al., 2005).
ARCHITECTURE OF ATTENTIONALCIRCUITS IN THE BRAIN
Today, we know a fair amount of detailed information on the
anatomy, functions, dynamics, and pathology of the brain net-
works that subserve the orienting of gaze and attention in the
human brain1. Important components of these networks include
thedorsolateralprefrontalcortex (PFC)andtheposterior parietal
cortex (PPC). Physiological studies indicate that these two struc-
tures show interdependence of neural activity. In the monkey,
analogous PPC and PFC areas show coordinated activity when
the animal selects a visual stimulus as a saccade target (Buschman
and Miller, 2007). Importantly, PFC and PPC show distinc-
tive dynamics and seem to use two different “languages” when
attention is selected by the stimulus (bottom-up or exogenous
1The relationship between attention and gaze shifts is a debated one.
According to the so-called “premotor theory” (Rizzolatti et al., 1987), an
attention shift always entails the programming of an eye movement, which
can then be executed (overt attention) or not (covert attention). Consistent
with this view, nodes of the fronto-parietal attentional networks such as the
FEF and the IPS do contribute to saccade programming (Corbetta, 1998).
orienting) or when it is directed by more top-down (or endoge-
nous) goals. In particular, bottom-up signals appear ﬁrst in the
parietal cortex and are characterized by an increase of fronto-
parietal coherence in the gamma band (25–100Hz), whereas
top-down signals emerge ﬁrst in the frontal cortex and tend to
synchronize in the beta band (12–30Hz) (Buschman and Miller,
2007).
Functional MRI studies in healthy human participants
(reviewed by Corbetta and Shulman, 2002) indicate the exis-
tence of multiple fronto-parietal networks for spatial attention
(Figure1,r i g h tp a n e l ) .
A dorsal attentional network (DAN), composed by the intra-
parietal sulcus/superior parietal lobule and the frontal eye
ﬁeld/dorsolateral PFC, shows increased blood oxygenation level
dependent (BOLD) responses during the cue—target period. As
a consequence, the DAN is supposed to be important for spatial
orienting. Functional MRI also demonstrated a more a ventral
attentional network (VAN), which includes the temporoparietal
junction and the ventral frontal cortex (inferior and middle
frontal gyri), and shows increased BOLD responses when par-
ticipants have to respond to invalidly cued targets. Thus, the
VANisconsideredimportantfordetecting unexpected butbehav-
iorally relevant events. Importantly, the DAN is bilateral and
symmetric, whereas the VAN is strongly lateralized to the right
hemisphere.
Notsurprisinglygiven the postulated architecture of these net-
works, PFC and PPC are directly and extensively interconnected.
In particular, three distinct fronto-parietal long-range pathways
can be identiﬁed in the monkey on the basis of cortical termi-
nations and course (Petrides and Pandya, 1984; Schmahmann
and Pandya, 2006)( s e eFigure1, left panel). Recently, advanced
tractography techniques and post-mortem dissections demon-
strated that a similar architecture seems to exist in the human
brain (Thiebaut de Schotten et al., 2011)( s e et h em i d d l ep a n e li n
Figure1). In humans, the most dorsal branch (SLF I) originates
from BA 5 and 7 and projects to BA 8, 9, and 32. In contrast, the
middle pathway (SLF II) originates in BA 39 and 40 within the
inferior parietal lobule (IPL) and ends in prefrontal BA 8 and 9.
Lastly, the most ventral pathway (SLF III) originates in BA 40
and terminates in BA 44, 45, and 47. These results permitted to
FIGURE 1 | Fronto-parietal networks linked by the three branches
of the superior longitudinal fasciculus. Left: in the monkey brain
(from Schmahmann and Pandya, 2006): middle: in the human
right hemisphere (from Thiebaut de Schotten et al., 2011); right:
attentional networks in the right hemisphere, according to Corbetta and
Shulman (2002).
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ﬁt anatomical pathways to the fMRI evidence on attentional net-
works mentioned above. Thiebaut de Schotten et al. (2011)w e r e
able to show that the SLF III connects brain regions within the
VAN, whereas the DAN is connected by the human homologue
of SLF I. The SLF II connects the parietal component of the
VAN to the prefrontal component of the DAN, thus allowing
direct communication between ventral and DANs. Importantly,
in good agreement with asymmetries of BOLD response during
fMRI, with larger right hemisphere response for the VAN and
more symmetrical activity for the DAN (Corbetta and Shulman,
2002), the SLF III (connecting the VAN) is anatomically larger
in the right hemisphere than in the left hemisphere, whereas the
SLF I (connecting the DAN) is more symmetrically organized.
The lateralization of the SLF II is instead strongly correlated to
behavioral signs of right hemisphere specialization for visuospa-
tial attention such as pseudo-neglect in line bisection (i.e., small
leftwards deviations of the subjective midline produced by nor-
malindividuals)(BowersandHeilman,1980;JewellandMccourt,
2000;Tobaetal.,2011),andasymmetries inthespeedofdetection
between the right and the left hemiﬁeld (Thiebaut de Schotten
et al., 2011).
IMPAIRED ATTENTIONAFTER BRAIN DAMAGE: VISUAL
NEGLECT
THE NEGLECT SYNDROME
Temporary inactivation of the SLF II in the human right hemi-
sphere impairs the symmetrical distribution of visual attention
(Thiebaut de Schotten et al., 2005). Damage to SLF networks
in the right hemisphere is frequently associated to a disabling
condition known as left visual neglect (Bartolomeo, 2006, 2007;
Doricchi et al., 2008; Thiebaut de Schotten et al., 2008). About
half of the patients with a lesion in the right hemisphere suf-
fer from neglect for the left side of space (Azouvi et al., 2006).
The cause is most often vascular strokes, but signs of neglect may
also be observed as a consequence of brain tumors (Hughlings
Jackson, 1876/1932; Bartolomeo, 2011) and of neurodegenerative
conditions, such as Alzheimer disease (D’Erme et al., 1991
(abstract); Bartolomeo et al., 1998) or posterior cortical atrophy
(Andrade et al., 2010; Migliaccio et al., 2011). Neglect patients are
unaware of events occurring in a portion (usually the left half)
of their environment, sometimes up to the dramatic extent of
“forgetting” to eat from the left part of their dish or of bump-
ing into obstacles situated on their left. Patients with left neglect
also display a tendency to look to right-sided details as soon as
a visual scene deploys, as if their attention were “magnetically”
attracted by these details (Gainotti et al., 1991). They are usu-
ally unawareof their deﬁcits (anosognosia), and often obstinately
deny being hemiplegic. Patients with left brain damage may also
show signs of right-sided neglect, albeit more rarely and usu-
ally in a less severe form (Bartolomeo et al., 2001a; Beis et al.,
2004). Neglect is a substantial source of handicap and disabil-
ity for patients, and entails a poor functional outcome. Diagnosis
is important, because effective rehabilitation strategies are avail-
able, and there are promising possibilities for pharmacological
treatments (Bartolomeo, 2007). Furthermore, in many cases the
“negative” nature of neglect deﬁcits (impaired active exploration
of a part of space) renders the diagnosis difﬁcult or impossible if
FIGURE 2 | Performance of a patient with left spatial neglect on
paper-and-pencil tests. (A) copy of a linear drawing with omission of
left-sided elements; (B) target cancellation task, with omission of left-sided
targets (bells); (C) bisection of horizontal lines, with rightward deviation of
the bisection mark and complete omission of one left-sided line.
signs of neglect are not searched for. This is unfortunate, because
simple paper-and-pencil tests can easily make the diagnosis at
patient’s bedside (Figure2).
ATTENTION AND NEGLECT
In addition to its clinical importance, neglect also raises impor-
tant issues concerning the brain mechanisms of consciousness,
perception and attention. In particular, the study of patients
with visual neglect has given a substantial contribution to the
analysis of attentional processes and of their neural substrates
(Bartolomeo and Chokron, 2002; Corbetta and Shulman, 2011).
Neglect is characterized, among other symptoms, by severe prob-
lems in orienting attention toward left-sided objects (Bartolomeo
and Chokron, 2002; Rastelli et al., 2008). Typically, however,
neglect patients’ deﬁcits of spatial attention are not general-
ized, but concern ﬁrst and foremost exogenous orienting (see
Bartolomeo and Chokron, 2002, for review), with a relative spar-
ing of endogenous orienting (Bartolomeo et al., 2001b). For
example, Rastelli et al. (2008) demonstrated that the onset, but
not the offset, of right-sided visual objects was able to induce a
pathological attentional bias in neglect patients (see also D’Erme
et al., 1992). Thus, it is right-sided objects (and not spatial
regions) that tend to capture patients’ attention, consistent with
the peculiar relationships between object-based and exogenous
forms of attention (Macquistan, 1997) (see Section Taxonomies
of attentional processes above)2.
Importantly, recent accumulating evidence from behav-
ioral, neurophysiologic, neuropsychological and neuroimaging
2Instances have been described of “object-based” neglect, whereby patients
fail to process information coming from the intrinsic left side of an object,
whether or not it corresponds to the left of patient’s midline. However, the
left-right border is variable in neglect, and some of these cases have been
reinterpreted as examples of relative egocentric neglect (Driver and Pouget,
2000).
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experiments in normal participants (reviewed by Chica and
Bartolomeo, 2012) indicate that while endogenous attention
has weak inﬂuence on subsequent conscious perception of
near-threshold stimuli, exogenous attention appearsinstead to be
a necessary, although not sufﬁcient, step in the development of
reportablevisualexperiences. Thus,thereisanimpressiveconver-
gence of ﬁndings between the striking spatial unawareness shown
by neglect patients, their severe impairment of exogenous orient-
ing of attention, and the importance of exogenous attention for
conscious visual perception in normal individuals (Bartolomeo,
2008b).
How do these notions map on the hypotheses concerning the
organization of the attention networks in the brain? A plausi-
ble model of intra-and inter-hemispheric interactions in neglect
(He et al., 2007) stipulates that damage to right hemisphere
VAN causes a functional imbalance between the left and right
DANs, with a hyperactivity of the left dorsal fronto-parietal
network, which would provoke an attentional bias toward right-
sided objects and neglect of left-sided items. Consistent with
this hypothesis, suppressive TMS on left fronto-parietal networks
correlated with an improvement of patients’ performance on
cancellation tests (Koch et al.,2008). However,analternative pro-
posal has been made recently by Singh-Curry and Husain (2009)
on the role of the right IPL, which is not fully captured by the
Corbetta and Shulman (2002) model. In particular, the authors
argued that the VAN is not only dedicated to salience detection
in a stimulus-driven way but is also responsible for maintaining
attention on goals or task demands, which is a top-down process.
In support of this proposal, functional MRI has suggested a role
for the inferior frontal junction (parts of BA 9, 44, 6) in medi-
ating interactions between bottom-up and top-down attention
(Asplund et al., 2010). Furthermore, TPJ, the caudal node of the
VAN, demonstrates increased BOLD response for behaviorally
relevant distractors, but not for non-relevant but highly salient
ones (Indovina and Macaluso, 2007). Thus, deﬁcits in these non-
spatial aspects of attention may lead to an exacerbation of the
spatial bias in neglect patients (Husain and Nachev, 2007).
Another important characteristic of neglect-related deﬁcits is
that spatial attention and gaze are prone to be captured by right-
sided objects (Gainotti et al., 1991), often in a repeated fashion.
For example, in cancellation tasks patients may keep cancelling
the same right-sided lines over and over again. Perhaps normal
individuals do not show this perseverative behavior because of
processes inhibiting repeated orientations toward the same event.
When two consecutive visual events occur at the same spatial
location, there can be an early facilitation to respond to the sec-
ond event. However, when the interval between the two events is
longer than 300ms, responses to the second event are typically
slower that those to the ﬁrst. This phenomenon, dubbed inhibi-
tion of return (IOR, Posner et al., 1985; Klein, 2000; Lupiáñez
et al., 2006), is thus important for thoroughly exploring the
visual environment, by avoiding repeated processing of the same
location (Klein, 1988) .I O Ro c c u r sb o t hw i t hm a n u a lr e s p o n s e s
(such as a keypress) and with saccades to peripheral visual stim-
uli. Not surprisingly, IOR can be abnormal in visual neglect
(Bartolomeo et al., 1999). When pressing a key in response to
peripheral visual targets which were occasionally repeated on the
same side of space, patients with left neglect presented abnor-
mal facilitation, instead of IOR, for repeated right-sided items,
i.e., for items appearing in their supposedly normal hemispace
(Bartolomeo et al., 1999). Other patients with right hemisphere
damage but without neglect had, instead, normal IOR for both
sides of space (Bartolomeo et al., 1999). These results were
later conﬁrmed in neglect patients with cue-target paradigms
(Bartolomeo et al., 2001b; Lupiáñez et al., 2004; Sieroff et al.,
2007). Patients withparietaldamagealsodemonstrated decreased
IOR (but not facilitation) on the ipsilesional side, even in the
absence of neglect signs (Vivas et al., 2003, 2006). These results
are important in suggesting that cortical networks including the
right parietal lobe, which are typically dysfunctional in neglect
patients (Mort et al., 2003; Thiebaut de Schotten et al., 2005;
Bartolomeo et al., 2007; He et al., 2007), are implicated in the
occurrence ofIOR.However,inthese studieseyemovements were
notcontrolled;ifpatientslookedatipsilesionalﬁrsttargetsorcues
(a frequent occurrence in right brain-damaged patients, Gainotti
et al., 1991), they received the second stimulus on the fovea; then
fast responses to foveal stimuli could have offset IOR. To address
these questions, Bourgeois etal. (2012)e x plor e dIORwit hc e n t ral
ﬁxation and manual responses (covert attention, Experiment 1),
as well as IOR generated by saccadic responses (overt attention,
Experiment 2). Bourgeois et al. used a target-target paradigm
similar to the one used in the seminal study on IOR in neglect
(Bartolomeo et al., 1999), while eye movements were mon-
itored at all times. Neglect patients’ performance was com-
pared to that of right brain-damaged patients without neglect.
Conﬁrming the previous results obtained by Bartolomeo et al.
(1999), neglect patientsdemonstrated facilitation,insteadofinhi-
bition, for repeated right-sided targets with manual responses.
However, they had normal IOR for the same right-sided targets
with saccadic responses. All neglect patients had damage to the
supramarginal gyrus in the right parietal lobe, or to its connec-
tions with the ipsilateral PFC. Bourgeois et al. (2012)c o n c l u d e d
that IOR with manual responses relies on fronto-parietal atten-
tional networks in the right hemisphere, whose functioning is
typically impaired in neglect patients. Saccadic IOR may instead
depend oncircuits less likelyto bedamagedinneglect, such asthe
retinotectal visual pathway.
PERCEPTUAL ASYMMETRIES IN NEGLECT
As these results indicate, the multiformcharacter ofvisualneglect
calls for ﬁnely articulated models of attentional deﬁcits in this
condition. One important question concerning spatial attention
in neglect is: are rightward attentional capture and leftward ori-
enting deﬁcits two (consecutive) sides of the same coin, or should
theybe consideredasdistinct components ofneglect behavior?To
answer this question, Charras et al. (2010) asked neglect patients
to draw the horizontal segment of left- or right-directed Ls, on
the basis of a given vertical segment (Figure3A).
Neglect patients drew longer left-directed segments than
right-directed segments. However, comparison with controls’
performance revealed that neglect patients did over-extend
horizontal lines toward the left, but did not under-extend
rightwards lines. This result invites the conclusion that the left–
right imbalance observed in length estimation resulted more
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FIGURE 3 | Neglect and length estimation. (A) A schematic depiction of
the stimuli used by Charras et al. (2010). A single black line, either horizontal
or vertical (40mm long, 1mm thick), was printed in the center of the sheet.
Participants performed a line extension task in which they were to draw
either a horizontal or a vertical line to complete an L ﬁgure. The missing line
was located either to the left or right of the presented line. The position of
the missing line was indicated by three small black dots. (B) Schematic
depiction of the stimuli used by Charras et al. (2012). The L conﬁgurations
enabled to test leftwards and rightrightwards biases separately. In the T
and X conﬁgurations, there was a left/right competition between the
horizontal line segments left and right of the bisection line. The results
showed that, in the T conﬁguration, the vertical line was overestimated,
while in the X conﬁguration, the horizontal line was overestimated.
from left impairment in stimulus processing than from right
attentional capture. However, in a different series of patients,
Urbanski and Bartolomeo (2008) found that right attentional
capture exerted by the right extremity of horizontal lines did
have an important role in patients’ performance in bisection-
related tasks. Their patients were selected on the basis of the
presence of a pathological rightward deviation on line bisec-
tion. However, when they had to set the left endopoint of
an imaginary line on the basis of a central point, their per-
formance depended on the presence/absence of a (presumably
attention-capturing) right endpoint. The two virtual segments
were asymmetric, mimicking ordinary line bisection, when the
right endpoint was visible, but much more symmetrical when
it was not. To account for the apparent discrepancy between
the outcome of these two studies, Charras et al. (2010)n o t e d
that in their L-shaped ﬁgures there was no right-sided horizon-
tal line whose extremity could capture patients’ attention (see
Gainotti et al., 1991), which presumably led to the absence of
right overestimation. In this sense, Charras et al. (2010)r e s u l t s
are perfectly consistent with the effects of right attentional cap-
ture effect in imaginary line bisection described by Urbanski and
Bartolomeo (2008).
In a second study, Charras et al. (2012)w e r ea b l et oc o n -
ﬁrm and reﬁne their previous conclusions. Patients were asked
to estimate the length of left- and right-sided segments with
L-, T-, or cross-shaped (X) conﬁgurations (see Figure3B). When
there was no competition between left and right horizontal seg-
ments, such as in the L conﬁgurations, the left-right imbalance
resulted from left underestimation, in the absence of right over-
estimation, thus conﬁrming the previous results (Charras et al.,
2010). Similar results occurred with the T conﬁgurations, when
emphasis was put on the vertical dimension of the stimulus
(as shown by participants’ strong tendency to overestimate the
vertical portionofthestimulus),thuspresumablypreventingleft-
right integration of the horizontal segments. However, when left-
and right-segments competed to be integrated in a single percept,
asinthe Xconﬁgurations, then,rightattentional capture didcon-
tribute to patients’ performance. Interestingly, the presence ofleft
homonymous hemianopia worsened left underestimations, but
did not modulate right overestimations. Based on these results,
Charras et al. (2012) proposed the existence of distinct neural
bases for right overestimation, resulting from the activity of an
isolated left hemisphere (see the section on interhemispheric dis-
connection in Bartolomeo et al., 2007), and left underestimation,
dependent on impaired functioning of right hemisphere atten-
tional networks (Bartolomeo, 2006). In different patients, these
two component deﬁcits might have different weights, perhaps
depending on individual differences in anatomical asymmetries
of fronto-parietal networks linked by SLF II and III (Thiebaut de
Schotten et al., 2011).
NEGLECT AND NON-SPATIAL ATTENTION: THE ROLE OF ALERTNESS
Thus far, we have examined the role of different sorts of imbal-
ance of spatial attention mechanisms in neglect. However, other
attentional capacities have been shown to be impaired in neglect
patients (Husain and Rorden, 2003). For example, it has long
been shown that non-spatial aspects of attentional mechanisms,
such as alerting, can be defective in neglect, and contribute in
substantial ways to patients’ patterns of performance (Robertson,
2001). Thus, a further question of interest is: given the com-
plex patterns of interaction between selective attention, alerting,
executive functions and perceptual consciousness in normal indi-
viduals (Callejas et al., 2005; Kusnir et al., 2011), what happens
when brain damage intervenes?
First of all, it is worth noting that there are relatively under-
explored links between alerting and perceptual consciousness
in normal individuals. For example, the manipulation of pha-
sic alertness in healthy participants has been shown to affect
perceptual discriminations and conscious perception of targets
presented near the threshold of conscious perception (Kusnir
et al., 2011). In this study, near-threshold visual targets were
presented, accompanied or not by a short acoustic tone. Acoustic
tones (which increase phasic alerting) ameliorated both speed
(as manifested in decreased response times to discriminate tar-
gets) anddiscrimination performance (as manifested in increased
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accuracy) when the target was presented in a temporally non-
predictive manner (Kusnir et al., 2011). This constitutes apiece of
evidence in favorofthe ideathatphasicalerting candirectly affect
perceptual processing, rather than just motor readiness. Phasic
auditoryalerting also improved the subjective perception of near-
threshold visual stimuli, perhaps through the activation of right
hemisphere fronto-parietal networks whose dysfunction may
determine visual unawareness in neglect patients (Bartolomeo,
2006). This is consistent with observations suggesting that visual
neglect patients with extensive right hemisphere damage show,
in addition to spatial deﬁcits, non-spatial deﬁcits in sustaining
alertness (Robertson et al., 1998) .T h e r ei se v i d e n c ef r o mn e u -
roimaging that tonic alertness, like spatial attention, relies on
fronto-parietal networks in the right hemisphere (Sturm and
Willmes, 2001). In contrast, the attentional system underlying
phasic alertness depends on ascending thalamic-mesencephalic,
noradrenergic projections from the locus coeruleus (Mesulam,
1981; Posner et al., 1987), as well as additional left-hemisphere
cortical networks (Sturm and Willmes, 2001). All these struc-
tures are typically intact in visual neglect patients. Thus, it has
been proposedthatin visualneglect ascending subcorticalprojec-
tions may phasically activate what is spared of the fronto-parietal
cortical networks subserving spatial attention and alerting in the
damaged right hemisphere, thus shifting spatial attention left-
wards and compensating for neglect deﬁcits (Robertson et al.,
1998).
The importance of the interplay between attentional networks
implicated in alerting, orienting and executive control has been
explored in a group of patients with right hemisphere damage
(Chica et al., 2011). Patients were evaluated by using a modiﬁed
computerized battery test (Attention Network Test, ANT), orig-
inally designed to determine the functional independence and
efﬁciency of the three attentional networks (Fan et al., 2002).
The introduction of an alerting tone before the occurrence of the
visual cue permits to assess the efﬁciency and independence of
each network, but also their interactions. If the attentional net-
works interact, the phasic alerting produced by the tone could
ameliorateneglect patients’orienting deﬁcits,whomightbefaster
and/or more accurate for validly cued left-targets. Better orient-
ing might in turn be able to improve conﬂict resolution at the
attended location. The results of the Chica et al. (2011)s t u d y
demonstrated that modulating alertness is an important way of
improving basic mechanisms typically impaired in neglect. In
particular, neglect patients’ orienting abilities improved after the
phasic alerting tone, which enhanced conﬂict resolution in the
neglected hemispace. However, three patients out of 16 were not
able to beneﬁt from auditory alerting tones. These patients had
damage implicating the right insula and the underlying white
matter. The right insula has been associated with sustained atten-
tion (Thakral and Slotnick, 2009) and has important connections
to the anterior cingulated cortex (Augustine, 1996), a structure
crucial for cognitive control and conﬂict resolution (Botvinick
et al., 1999; Fan et al., 2003). Thus, the Chica et al. (2011)
results suggest that conﬂict resolution can be improved in neglect
patients by modulating alerting and orienting, provided that
structures critical for conﬂict resolution such as the insula are
spared by the lesion.
IMAGINAL NEGLECT
To further complicate the semiotics of spatial neglect, about a
third of neglect patients may also neglect the left part of their
mental images (Bartolomeo et al., 1994). When describing places
from memory, these patients omit to mention the left side of the
mental space (Figure4), thus demonstrating “imaginal” neglect
(Bisiach and Luzzatti, 1978).
However, not all patients with visual neglect show imaginal
neglect, perhaps because imagined details have less attention-
capturing power than real ones (Bartolomeo et al., 1994).
Imaginal neglect can also occur in the absence of signs of per-
ceptual neglect, either at onset or, perhaps more commonly, as a
result of selective compensation for the perceptual aspects of the
syndrome. Patients often learn with time (and possibly the help
of people around them) to explore more thoroughly their visual
environment. However, compensation may be more difﬁcult to
obtain in the more abstract imaginal domain, which is rarely the
object of rehabilitation or of more informal reminders to “look
to your left” (Bartolomeo and Chokron, 2001). Thus, similar
to other domains of visual mental imagery (Bartolomeo, 2002,
2008a), several studies have reported the existence of double dis-
sociations between imaginal and perceptual neglect (Anderson,
1993; Guariglia et al., 1993; Beschin et al., 1997; Coslett, 1997;
Ortigue et al., 2001).
However,thestudyofimaginalneglectraisespeculiarmethod-
ological problems. Often, very different task are used to evaluate
spatial perception and spatial imagery. In particular, in several
studies, paper-and-pencil tests were used for perception and
description from memory for imagery (Rode and Perenin, 1994;
Rode et al., 2007). Moreover, description from memory might
rely more on verbal semantic memory than on visual imagery,
and thus produce symmetrical descriptions even in the presence
of imaginal neglect (Rode et al., 2004). To encourage the use
of a visual mental strategy, a response time “geographical” test
was devised (Bartolomeo et al., 2005), with strictly comparable
FIGURE 4 | Imaginal neglect. In their seminal paper, Bisiach and Luzzatti
(1978) reported two left neglect patients who, when asked to imagine and
describe from memory familiar surroundings (the Piazza del Duomo in
Milan), omitted to mention left-sided details regardless of the imaginary
vantage point that they assumed.
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perceptual and imaginal conditions (Bourlon et al., 2008, 2011a).
In different tasks, participants either saw towns/regions on a
map of France or heard their names, and pressed one of two
keys according to the stimulus location (left or right of Paris).
Interestingly, when normal participants performed such a task,
their eye movements mimickedthose producedwithrealdisplays,
thus lending support to the hypothesis that similar attentional
mechanisms maybeengagedinperception andinmentalimagery
(Bourlon et al., 2011b). In patients, however, the results obtained
with these tasks conﬁrmed the rarity of imaginal neglect with
respect to perceptual neglect.
In a recent case report of imaginal neglect (Rode et al., 2010),
structural and diffusion MRI demonstrated damage to several
white matter tracts in the right hemisphere and to the splenium
of corpus callosum. The same study reported on a second right-
brain-damaged patient, who showed signs of perceptual but not
imaginal neglect, and had damage to the same intrahemispheric
tracts; the callosal connections, however, were spared. Imaginal
neglect might thus result from the association of fronto-parietal
dysfunction, which impairs orienting toward left-sided items (see
Bartolomeo et al., 2007) and additional posterior callosal dis-
connection, which might prevent the symmetrical processing of
spatial information from long-term memory.
In clinical settings, drawing from memory is often used to
assess imaginal abilities and then directly compared to draw-
ing copying. However, visual feedback provided by drawing may
inﬂuence ﬁnal performance by inducing an attentional capture
of the right-sided details the patient has just drawn (Chokron
et al., 2004). To address this issue, recent studies employed draw-
ing without visual feedback, e.g., while blindfolded (Chokron
et al., 2004) or by using a pen which leaves no visible traces on
the sheet (Cristinzio et al., 2009). While in general patients show
more neglect with visual feedback than without visual feedback
(Chokron et al., 2004), thus conﬁrming the attention-capturing
effect of right-sided visual items (Bartolomeo et al., 1994), one
recent case report (Cristinzio et al., 2009)d e m o n s t r a t e dt h e
opposite effect, perhaps as a consequence of additional working
memory impairment (Wojciulik et al., 2004). In conclusion, a
possibility to account for the rarity of imaginal neglect is that
this form of neglect might depend on additional deﬁcits of top-
down processes, such as endogenous attention or active rehearsal
of spatial knowledge, that are typically less impaired than exoge-
nous attention in patients with perceptual neglect (Bourlon et al.,
2011a).
THE ANATOMY OF VISUAL NEGLECT
Signs of visual neglect have been traditionally related to dam-
age to the IPL (Vallar and Perani, 1986; Mort et al., 2003).
More recent evidence suggested that neglect signs do not result
from focal cortical lesions, but correlate with dysfunction of
large-scale networks, whose nodes include the PPC, the lat-
eral prefrontal cortex (LPFC), the TPJ and the occipital lobe
(Bartolomeo et al., 2007; Doricchi et al., 2008). As mentioned
before, these cortical nodes show increased BOLD response dur-
ing spatial orienting of attention (Nobre, 2001; Corbetta and
Shulman, 2002; Bartolomeo et al., 2008). Consistent with the
hypothesis of a causal link between neglect signs and impairment
of large-scale fronto-parietal networks in the right hemisphere
(Bartolomeo, 2006), accumulating evidence has demonstrated
an associated injury to white matter pathways connecting these
networks in monkey studies (Gaffan and Hornak, 1997)a n di n
human neglect patients with vascular damage (Urbanski et al.,
2008, 2011; Chechlacz et al., 2010; Verdon et al., 2010)o rn e u r o -
surgicallesions (Thiebaut deSchotten et al., 2005; Shinouraet al.,
2009; Roux et al., 2011). It must be noted that in all these studies
on human brain-damaged patients the lesions affected both the
gray and the white matter. However, a recent single case report
demonstrated that severe, if transitory, neglect signs can result
from small lesions restricted to the white matter and affecting
components of the SLF (Ciaraffa et al., 2012).
DISCUSSION
PUTTING THINGS TOGETHER: TOWARDS A NEURAL MODEL OF
ATTENTIONAL INTERACTIONS IN NEGLECT
Several neural models have been proposed to explain neglect, but
no single model can plausibly account for all the complex and
sometimes contradictory features of this syndrome. A perusal
of the vast literature on neglect invites the conclusion that the
reﬁnement of behavioral analysis has not yet been matched by
completely satisfactory neural models of neglect-related deﬁcits
and compensatory processes. We outline here some ideas which
could offer starting points for the enterprise of mapping behav-
ioral deﬁcits to brain networks.
Despite the obvious links between left neglect and dysfunction
of large-scale fronto-parietal networks in the right hemisphere
(Bartolomeo, 2006, 2007; Bartolomeo et al., 2007; Doricchi et al.,
2008), the most severe andpersistent signs of left neglect typically
occur after retro-Rolandic lesions. This apparent paradox may be
explainedbythearchitecture offronto-parietalconnections inthe
human brain (Thiebaut de Schotten et al., 2011)( Figure5;s e e
also Figure3).
As mentioned in Section Architecture of attentional circuits
in the brain, the SLF II, whose caudal cortical origin is in part
shared with that of the SLF III in the IPL, connects the parietal
component of the VAN to the prefrontal component of the DAN
FIGURE 5 | Schematic depiction of fronto-parietal attentional networks
for visuospatial processing in the two hemispheres, based on Corbetta
and Shulman (2002)a n dThiebaut de Schotten et al. (2011). IPL and
SPL, inferior and superior parietal lobules. dlPFC and vlPFC, dorsolateral
and ventrolateral prefrontal cortex.
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(Thiebaut de Schotten et al., 2011). Thus, it is plausible that
damage to the IPL (Mort et al., 2003), when accompanied by
injury to the underlying white matter (Doricchi and Tomaiuolo,
2003; Verdon et al., 2010), can produce severe and persisting
signs of neglect because it can jointly disrupt the functioning of
both the VAN (through SLF III disconnection) and its commu-
nication with the DAN (through SLF II damage). On the other
hand, less extensive lesions, perhaps sparing a signiﬁcant part of
SLF II, might allow for intra-hemispheric compensation mecha-
nisms relying on the possibility of communication between VAN
and DAN offered by SLF II. In this case, an initial imbalance
between the dorsal fronto-parietal networks, with the left hemi-
sphereDANbeingrelatively moreactive thanits righthemisphere
counterpart,mightsubsideaftertheacutephase,withconsequent
recovery from neglect signs (Corbetta et al., 2005).
Another possible mechanism of neglect recovery might
depend on inter-hemispheric interactions. Individual variability
in the asymmetry of SLF II and III,which only recently is starting
to be explored (Thiebaut de Schotten et al., 2011), could account
for different patterns of recovery/compensation. Itis possible that
patients who happen to have a relatively large SLF III in the left
hemisphere may use resources pertaining to a left-hemisphere
homologue of the right-sided VAN to partially compensate for
neglect signs. Along similar lines, one might speculate that the
larger the left-hemisphere SLF II, the better the communication
between theDANandthe lefthemispherehomologueoftheVAN.
A relatively efﬁcient left homologue of the VAN might control
the ipsilateral VAN and ensure a relatively functional exploration
o ft h ew h o l es p a c ea f t e rr i g h tb r a i nd a m a g e ,t h u sl e a d i n gt o
(apparent) recovery from neglect.
If these considerations are true, however, neglect compen-
sation by using alternative (left-hemisphere-based) attentional
routesislikelytobepartialandsubjecttotaskdemands.Indeed,it
has repeatedly been shown that even patients who do not demon-
strate anymore neglect on paper-and-pencil tests often show
lateralized impairments on more demanding, time-constrained
tasks (Posner et al., 1984; Bartolomeo, 1997, 2000; Bonato et al.,
2010). This evidence is consistent with the common clinical
observation of chronic patients who perform perfectly on paper-
and-pencil tasks but, as soon as they exit the testing room, start
again bumping into left-sided obstacles.
CONCLUSIONS
Attentional processes, mainly subserved by frontoparietal brain
networks, with a peculiar although not yet completely elucidated
role for the right hemisphere, are at the basis of our capacity to
actively explore the external world. Their impairment as a result
of brain damage can hamper the conscious perception of objects
in space, and is a source of signiﬁcant disability for patients. Our
knowledge of these systems is still too limited to enable us to offer
speciﬁc interventions for the whole range of attentional impair-
ments, but it is expanding at fast pace, raising hopes for the
development of effective strategies to improve the functioning of
the attentional networks in brain-damaged patients.
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